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ABSTRACT 

Tests, using small scale models of the Curtiss-Wright X-100 

and X-19 aircraft, have been carried out to investigate the dis- 

turbance and spray caused by VTOL aircraft hovering above water. 

Full scale disc loadings in the range 20 to 70 lb./sq.ft. were 

represented. Correlation of the model test results with full 

scale testing of the X-100 airplane over water at a disc loading 

of   23   lb.sq.ft.   and   height  of  21   feet   show  excellent   agreement. 

Downwash   effects   on   objects   floating  below the   X-19  model 

were   also  demonstrated.      Spray  is   shown   to   rise  to  considerable 

heights   at  the  higher   disc   loadings  with   the  models   close   to  the 

water  surface,   and   floating objects may  be   subjected  to  severe 

buffeting under these   conditions. 
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NOMENCLATURE 

A Propeller   Disc   Area   -   sq.ft. 

D Exit   Diameter  of   Nozzle   or   Propeller  Diameter 
in.   or   ft. 

h Maximum   Height   at  which   Spray is  Observed   - 
in.    or   ft. 

q Dynamic   Pressure   -   lb./sq.ft. 

qs Maximum   Dynamic   Pressure   Parallel   to Water 
Surface   -   lb./sq.ft. 

qn Mean   Dynamic   Pressure   at   Exit   of  Nozzle   - 
lb . /i>q . ft. 

S Model   Scale   Factor   -   DF/^ 

T Total   Thrust   of   Propeller   -   lb. 

T/^ Propeller   Disc   Loading  -   lb./sq.ft. 

z Height   of   Nozzle   Exit   or   Propeller  Above  Water 
in.   or   ft. 

/3.67: Propeller Blade Angle at 0.671 Radius 

Subscripts 

F        Full Scale 

M       Model Scale 

0       Condition at which Spray is First Observed 



SUDJECT 

An investigation of the over-water aspects of VTOL airplanes 

at high disc loading. 

ODJECT 

To establish, by means of small-scale powered VTOL model tests, 

the water agitation and spray characteristics resulting from hover- 

ing flight operations of moderate to high disc-loaded propeller- 

powered VTOL aircraft. 

SUMMARY 

Correlation  of   some  previous  tests   of   air  ducts  and   fans  ex- 

hausting over  water   and   some   results   of   tests   presented   herein, 

have   shown   that   it   is   possible   to   predict   full   scale   spray   charac- 

teristics   from   small   scale  model   tests.      Accordingly,   tests   have 

been   carried   out   with   scale  models   of   the   Curtiss-Wright   X-100   and 

X-19   aircraft   in   their   hovering  configuration   over   a  water   tank   and 

the   full   scale   spray   characteristics   are   predicted. 

Excellent   agreement   is   shown   between   the   full   scale   results   of 

the  X-100  VTOL  airplane  tests  over  water   at   a  disc   loading  of  2? 

lb./sq.ft.   and   height   of   21   ft.   and  the  spray  height   predicted   from 





IN'TRODUCTIOX 

Recently developed propeller driven VTOL aircraft have been 

designed to operate at relatively high disc loadings (25 to 70 

lb./sq.ft.) compared with helicopter disc loadings which are of 

the order of 10 to 15 lb./sq.ft.  Aircraft operating at these 

high disc loadings over water may cause considerable amounts of 

spray and water agitation, which could adversely affect the oper- 

ating environment due to obstruction of vision, engine ingestion 

and disturbance of objects floating ne^r or beneath the aircraft. 

Curtiss-Wright, in cooperation with the Bureau of Xaval Weapons, 

therefore decided to investigate the possibility of predicting the 

effect of moderate to high disc loadings over water from tests with 

small scale powered models, and in particular to predict the spray 

formation and t. e effects of water agitation on air-sea rescue oper- 

ations for the full scale X-19 aircraft. 

Examination of earlier test work showed that the formation of 

spray is dependent on the maximum dynamic pressure parallel to the 

water surface and that spray height is proportional to the diameter 

of the Jet causing the disturbance at corresponding Froude Number, 

when the Froude Number is based on the increase in dynamic pressure 

above that which initially causes spray.  To provide further evidence 

that spray could be scaled from one diameter to another, it was de- 



cided to carry out tests over water with nozzles of varying diam- 

eter for a range of nozzle exhaust pressure and heights above the 

surface. 



DESCRIPTION OF APPARATUS AND TEST PROCEDURE 

A. Water Tank 

A water tank 30 feet x 15 feet x 3 feet deep was constructed 

for the tests.  It consisted of a wooden structure with a heavy plas- 

tic liner.  The tank was constructed in the open air, and a filter 

was provided to maintain cleanliness of the water. 

For tests with waves a sloping bed of sand and crushed rock 

covered with wire mesh was provided at one end of the tank to act 

as a wave absorber.  Waves were generated by the vertical displace- 

ment of a 24.0" diameter cylinder at the opposite end.  This wave 

generator was manually operated through a lever system.  A sketch 

of this apparatus is shown in figure 2. 

Figure 1 shows a general view of the tank. 

B. Nozzles 

To provide verification of the derived scaling expression tests 

vero conducted with a series of three nozzles mounted over the test 

-ank.  The diameters of these nozzles were 2.50", 5.0" and 10.0" and 

.he height above the water level could be adjusted between 0 and 40.0". 

vir to the nozzles was supplied through ducting from a Buffalo Forge 

-lower. Type 35 MW, and this provided a maximum dynamic pressure of 

.pproximatel> 40.0 lb./sq.ft. 
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Initially tests were conducted over a solid board, the nozzle 

and board being instruinented as shown in figure 3» to give the re- 

lationship between the nozzle dynamic pressure (qn) and the dynamic 

pressure parallel to the surface (qs) at varying nozzle heights. 

Tests were then carried out over the water at the following 

conditions, the resulting spray being recorded photographically. 

1 ' 
D   ins 2.5 5.0 10.0 

z   ins 2.5,5.0,7.5,10.0 5.0,10.0,15.0,20.0 10.0,20.0,30.0,40.0 

qn   lb./sq.ft. 2.0   -   20.0 4.0        -      30.0 4.0      -    40.0 

At each height the nozzle dynamic pressure at which spray was 

first detected was recorded. 

C.  \-100 Model 

This model is basically a 0.15 scale model of the Curtiss-Wright 

X-100 research aircraft.  However, the X-19 propellers were fitted to 

the model, since the disc loading as a function of R.P.M. of these 

propellers had been previously calibrated.  These propellers are I.56 

ft. diameter compared with 1.50 for the original X-100 model propel- 

lers.  The pertinent scaling factor for these tests is therefore 

1/.156 =6.41 (see section 6a).  Figure 4 shows a sketch of the model 

and leading dimensions. 

The propellers were driven by a single electric motor mounted in- 

ternally in the model, power for which was supplied by a variable fre- 



u quency motor-generator set. 

The model was suspended over the center of the water tank from 

an overhead boom.  Vertical movement of the boom gave a variation of 

model height above the water of from 0 to 60 inches. 

The test procedure was to run the propellers to give the de- 

sired disc loading at a fixed height above the water.  The resulting 

spray pattern was recorded by two movie cameras, one mounted parallel 

to the water surface and the other mounted perpendicular to the sur- 

face from an overhead platform.  Still photographs were also taken. 

At each height the propeller disc loading at which spray was 

first detected, (T/A)0 was noted. 

Tests were made with the X-100 model at the following heights 

above the water surface: 

z inches     60      42       24     9.5 

z/D 3-21    2.25     1.28    0.51 

and at propeller disc loadings (T/A)w of 

2.65, 3.65, 4.75, 6.0, 7.5, 9.0 lb./sq.ft. 

All these tests were made at a propeller blade angle /3,67i "■ 16°, 

and a few were repeated at 12° to check any possible effect on spray 

of change in load distribution along the blade. 
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D.  X-19 Model 

This is a 0.12 scale model of the Curtiss-Wright X-19 VTOL air- 

craft, which has four lifting propellers of 13 ft. diameter.  The 

scale factor for these tests is therefore 1/.12   = 8.33 (see section 

6a).  A sketch of the model showing leading dimensions is given in 

figure 5« 

The fouc propellers were driven by a single internally mounted 

electric motor.  Power supply, model mounting, and photographic cov- 

erage of the tests were similar to that described for the X-100 model 

For basic tests of spray formation over calm water, the proce- 

dure was identical to that followed for the X-100, and the ranges of 

conditions covered were: 

z   inches     59       42       24       12 

z/D 3.15     2.25    1.28     0.64 

(T/A)M lb./sq.ft. 2.65, 3.65, 4.75, 6.0, 7.5, 11.0 

Further spray tests were then carried out over 6 to 8 inch high 

waves, representing waves of approximately 5 feet height at full 

scale X-19 conditions.  The test procedure adopted was similar to 

before, the propeller R.P.M. was adjusted to give the desired disc 

loading at a fixed height.  The wave generator was then manually 

operated and when the conditions were stabilized, the resulting 
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disturbance was recorded photographically. 

Test conditions were identical to those over calm water wit:h 

the exception that tests at 12.0 inches above the water were omit- 

ted to avoid the possibility of the lower part of the model being 

izuaersed by the wave peaks. 

All ehe foregoing tests were made with a blade angle/3 frji m 16 

and with equal disc loading on all four propellers. The model angle 

of attack was 0° with a few runs being made at ± 10°. 

For all subsequent tests the forward propeller blade angles 

were maintained at 16° while the rear blade angles were reduced to 

12°, to give a close representation of the full scale X-19 disc load 

ings in hover.  Also the angle of attack was set at 2^°. 

Tests were then made to show the effect of propeller downwash 

and spray on objects floating below the model.  A description of 

these objects and the test procedure is given below. 

E.  Model li re Rafts 

0.12 scale models of a four-man life raft an„ a one-man life 

raft were constructed from information supplied in MIL-L-25691 

(USAF) sand MIL-L-8664A (Aer.).  Scale models of men were also con- 

structed.  The weights of the rafts with the model men installed 

were approximately correct for dynamic similarity, but no check 

o 
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was made of the r..events of inertia, although this should not be 

seriously in error. 

Actual 
Full Scalo V/ei^ht   Scaled Weight   Model Keight 

Four-ir.an life raft, S5Ö lb. 1.47 lb.        1.70 lb. 
ir.cluain^ .T.en. 

Gne-man life raft, 214 lb. 0.37 lb.        0.35 lb. 
includins; man. 

The procedure used in teats with the rafts was to pull t'ie 

raft through the disturbed water with a length of thin string. 

There Ww.s some tendency for the string to affect the stability of 

the rafts and this was minimized as far as possible. 
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RESULTS AND DISCUSSION 

A.  Theoretical Results 

In order to obtain scaled parameters of the motion of water 

fron: n-.odel tests, it is necessary to operate at full scale Froude 

dumber, which is proportional to V2/L where V is a velocity and L 

is a characteristic length.  Work on ship and flying boat hulls 

have shown that, providing the Froude scaling is followed, the 

spr-y formation produced by a model is geometrically similar to 

that produced by the full scale article. 

In the case of a propeller driven VTOL airplane hovering over 

water the velocity and length required in the Froude Number would 

be the resultant slipstream velocity parallel to the water surface 

(V^) and propeller diameter (D). 

2 
Therefore Froude Xumber is proportional to Vs /D, or qs/D 

In some previous spray tests (references 1 and 2) and from 

observations of wind over the open ocean (reference 3) it was 

found that spray will not form below a certain value of the sur- 

face dynamic pressure (qs0) ^nd this figure lies between 1.5 and 

2.5 lb./sq.ft. 

Since qSo will be independent of sc:le, the spray formation 

will depend on the increase of surface dynamic pressure above qs . 
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It would, therefore, seem that in order to obtain geometri- 

cally similar spray patterns from model and full scale aircraft 

(q« - qso) = (^s - qSo) 
(   D    ) fu 1 scale   (   D    ) model scale (1) 

The dynamic pressure parallel to the water will be a func- 

tion of the dynamic pressure perpendicular to the surface q, which 

will in turn be a function of the propeller disc loading depending 

on the height of the propeller above the surface. 

i.e. 

and 

qs =  rJs  . (T/A) 
(T/A) 

qso =  qs  • (T/A). 
(T/A) 

therefore  qs - qSo =  ^s 

and 

D       (T/A) 

"(T/A)-(T/A)0' 

T/A - - (T/AjJ 

(T/A) L D full    (T/A) 
scale 

(T/A)-(T/A)0" 

mode I 
scaJ e 

(2) 

0 

(4) 

(5) 

let DF/
D
M = S (The model scale factor) 

then, since  qs   and (T/A)0 are independent of scale, it ft.J 

(TTAJ 
lows that at constant z/D, for geometrically similar spray, 

(T/A)F = S (T/A)M + (1-S) (T/A)0 U>) 
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References 1 and 2 give results of some small scale spray 

tests and these have been correlated using the above expression. 

Reference 1 shows results from a 4.0 inch diameter nozzle and a 

16.0 inch diameter ducted fan and are repeated in figure 6a.  There 

is considerable scatter in the results, and the lines drawn through 

the points do not exactly correspond with those shown in reference 

1.  Although stating that the spray height remains zero up to a qs 

of approximately 2 lb./sq.ft., the curves drawn in that report pass 

through the origin.  They have therefore been redrawn showing 

h - 0 at qs =» 2 .0. 

It is pointed out in reference 1 that the 4.0" diameter re- 

sults do not scale up to the 16.0" diameter values at similar Froude 

Number (qs/ü).  However when equation 1 is used to compare the re- 

sults very good agreement between the 4*0 inch nozzle and the 16.0 

inch ducted fan is apparent, as shown in figure 6b. 

Reference 2 gives some spray results on a two dimensional basis, 

and the parameter used in presenting the results from three different 

width nozzles is spray angle, rather than the spray height parameter 

used in reference 1. These results are shown in figure 7a and again, 

when a comparison of the results is made using equation 1 as a basis, 

good agreement is shown in figure 7b. 

The limited correlation made above is encouraging, but to pro- 

vide a further experimental check, the series of tests with varying 
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diameter nozzles was Initiated and the results of these tests is 

discussed below. 

B.  Experimental Results 

1.  Jet Impingement Nozzles 

The tests with the three nozzles were initially carried out 

over a solid board and the variation between the maximum dynamic 

pressure parallel to the surface and the nozzle dynamic pressure 

was measured.  Figure 8a shows the results of thes^ tests and it 

is shown that the ratio of qs/qn is independent of nozzle diameter 

The results of further tests to determine the nozzle pressure at 

which spray was first detected are shown in figure 8b, and again 

it is shown that qn  is virtually independent of nozzle size.  Com- 

bination of figures 8a and Sb give a value of qs  of between 1,70 

and 1.90 lb./sq.ft. which confirms the results given in references 

1, 2 and 3. 

Since it is shown that qSo and qs/qn vary only with z/D, the 

scaling expression qs ~ fls  ■" Constant, can be rewritten 
D 

qn   -   qn0  =  constant   at   a  fixed  value   of   z/D. 
5     ~ 

The  height   of   the   soray   produced   in   the  tests   of   the   nozzles 

over  water  was  measured  from  still   photographs.      This   is  defined 
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as the maximum height at which any spray is observed.  The spray 

pattern was not completely static and therefore some scatter of 

the results was to be expected. 

The ratio of spray height to nozzle diameter is plotted in 

figure 9 against the ratio qn - qn0 
at constant z/D.  It was felt 

D 
that the results from the three nozzles compared sufficiently well 

to justify the u.se of the derived scaling expression. 

It was noticed that although the spray height scaled reason- 

ably well, the appearance of the spray changed with size of nozzle. 

The 10.0 inch diameter nozzle produced a fine mist-like spray, 

whereas the spray had a coarse appearance at the same value of z/D 

with the 2.5 inch diameter nozzle.  This phenomena had been noted 

in reference 1 and is attributed to the effects of surface tension 

which prevents the break up of the water into scale size droplets. 

However, both these tests and towing tank experience indicate that 

although the appearance of the spray is different, model tests will 

give the correct geometric pattern. 

2.  X-100 Tests 

The maximum heights at which spray was observed in the X-100 

model tests are shown plotted against model disc loading in fi^.i e 

10.  These results may be used to predict the spray height for a 

full scale aircraft by the use of equation 6, and for the particu- 
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lar case of the full scale X-100 aircraft at a disc loading of 

23 lb./sq.ft. the spray height derived from the model tests is 

shown in figure 11. 

During the flight test program on the X-100, one flight was 

made over a pond of water and the spray pattern is shown in fig- 

ure 12 and the spray height is compared with the predicted re- 

sults in figure 11. The agreement is close cind provides further 

evidence that model tests may be used in predicting full scale 

spray. Here again, it should be noted that the full scale spray 

has a more misty appearance than that obtained from model tests. 

The general appearance of the spray in the model tests is 

shown in figure 13, where it can be seen that the majority of 

the spray is swept fo-wards and reaches a maximum height ahead 

of the model. 

The initial propeller blade angle for the tests was 16° and 

to check whether a change in total pressure distribution across 

the slipstream caused any difference in the spray produced, a few 

tests were run at each height at a blade angle of 12°.  Ko sig- 

nificant change in spray height was recorded. 

3.  \-19 Tests 

The maximum heights at which spray was observed with the X-19 
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model over calm water are shown in figures 14 a and b.  When 

compared with the results obtained with the X-100 model, it is 

shown that as the height of the model is decreased, the X-19 

produced a lower spray height than was apparent with the X-100 

model at the same disc loading.  This may be due to the inter- 

action of the front and rear propellers on the X-19 producing 

a plume of spray at right angles to the fuselage.  The exist- 

ence of this could decrease the amount of spray thrown forward 

and aft by the two forward (or aft) propellers alone, as is the 

case in the X-100 configuration.  The results of tests over waves 

of between 6 inches and 8 inches in height are shown in figure 14c 

and here the spray height is slightly higher than the calm water 

results. 

All these tests were made with equal disc loading on all 

four propellers, whereas on the full scale X-19 the forwarc. pro- 

peller disc loading is approximately 505^ higher than that i or the 

rear propellers.  Therefore, at each height one test was carried 

out at approximately scaled X-19 conditions.  However, when these 

results, based on the mean disc loading, are compared with the 

previous tests no significant difference was apparent.  It .rs 

therefore reasonable to assume that the model results at equal 

disc loading can be scaled up to predict the full scale X-19 
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spray characteristics, and this is shown in figure 15 for a mean 

full scale disc loading of 25.5 Ib./sq.ft. 

The waves generated in the test tank represented, at full 

scale X-19 conditions, a wave height from trough to peak  f about 

5.0 ft., and a wave length of about 50.0 ft.  This corresponds to 

a sea state of code 3 to 4 (moderate to rough) or a swell condi- 

tion of code 1 (low swell, short or average). 

A selection of photographs showing the spray produced by the 

X-19 model is shown in figures 16 and 17. 

The spray produced by both the X-100 and X-19 models form a 

diffuse pattern, the top of the spray cloud consisting of fairly 

fine spray.  Since it would be difficult to distinguish between 

spray that may prove objectionable to aircraft operation and the 

l ine spray that would be of little embarassment, the spray heights 

shown in this report are heights at which any spray was observed. 

A further point to note is that the full scale spray may have a 

more misty appearance that that produced by model tests, as dis- 

cussed earlier. 

The spray heights were taken from the projection of the col- 

ored still photographs of the tests.  Caution should be exercised 

in relating the plotted results with the published photographs, 

since some of the fine spray seen in the slide projection may not 
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be  visible   in   the  printed  photograph. 

An  edited  motion  picture  record   of  the  tests   is   available 

and this will   illustrate more graphically the  general   appearance 

of   spray than   a  written  presentation. 

4.     Tests  with   Life Rafts,   etc. 

In  order  to   assess the  effects   of   downwash  on   objects  float- 

ing  beneath   an   X-19   aircraft   in  an   air-sea  rescue   role,   0.12   scale 

model   life   rafts   and  men were  floated  beneath  the model   in  calm 

conditions  and  with  waves. 

Here  again  the  motion  picture   record will   be more   informative 

than   a written  description. 

Tests  were   carried  out   at  heights   representing  40   ft.,   30   ft. 

and   16.5   ft.   full   scale,   and  in  all   these  conditions,   the   rafts 

were   subjected  to   considerable  buffeting.     However,   the   four-man 

life   raft   remained   erect   and  although   it  was  flooded   at   the  lower 

model   heights  rescue   could  probably  still  be  effected   at   low heights 

above   the   raft. 

The one man life raft appeared much less stable, and with the 

model at an z/D of 2.25 (30 ft. full scale) the raft was in danger 

of capsizing. However, it should be noted here that no sea anchor 

was  represented  in  the  tests.     Also,   the  rafts were  pulled  through 
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It appears  chat there will be  little if any water ingested inco  Che 

engine air intake nor any impairment of crew vision even at very  low 

heighcs above Che wacer.    AC altitudes above about 40 feet Che X-19 

will not  produce any spray  for wave heights of 3  feet or less. 

Furthermore,  at altitudes   less  than about 40  feet,  operation over 

5 foot waves would cause only a small  increase in  the spray height 

experienced over calm wacer,   and will not  result  in any marked de- 

terioration of operational  capability. 

The X-19 configuration would seem to be  ideally suited  to   the 

tilt float concept  (refs.   4 and 3).    With a cylindrical  float attach- 

ed to each nacelle,   the aircraft would have  the ability to alight on 

the water surface from the hover attitude,   the  floats providing a 

very stable platform even  in  rough seas.    This would eliminate  the 

hazards and  limitations of rescue from a hovering aircraft,   for ex- 

ample,   the danger of swamping or capsizing  life rafts by hovering 

directly above  them would be avoided,  and it would be possible  to 

take aboard unconscious or injured personnel. 

The  tilt  float  installation tested on  the  X-19 showed no detri- 

mental effects on the spray pattern and it  is   therefore concluded 

that an X-19 fitted with tilt  floats would result in a wacer based 

VTOL airplane  free from any operating limitacions  due Co Che  forma- 

cion of spray. 
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Tests wich various lifs rafts floating beneath the X-19 model 

showed that  rescue is noit desirably effected from altitudes of about 

40 feet or higher.    Rescue could probably be effected, however, at 

lower altitudes  - down to about  16 feet for a four-man life raft and 

about 30  feet for a one-man life raft. 

The tests  involving floating objects below the X-19 model were 

of a limited nature, and it is  felt that  this  is an area where further 

research would be beneficial.     It is suggested that  further tests 

could be carried out over a wide  range of disc   loadings with models 

of life rafts  that are correctly scaled for weight,   inertia and CG., 

and with the use of sea anchors. 
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